Hydrogen is the ideal fuel for the proton exchange membrane fuel cells that are being developed for transportation applications. However, since no hydrogen fuel supply infrastructure currently exists, much of the effort in fuel supply for the fuel cell vehicles is directed at developing on-board fuel processors to generate a hydrogen-rich gas from liquid fuels such as methanol and gasoline. The use of pure hydrogen as the fuel significantly simplifies the vehicle design, and provides greater fuel economy and environmental benefits.
INTRODUCTION
With the rapid rate of technical advances in fuel cells, and with major resources of the automotive industry being directed at commercialization of fuel cell propulsion systems for transportation it looks more promising than ever, that fuel cells will soon become a viable alternative to internal combustion engine technology.
The proton exchange membrane (PEM) fuel cells currently being developed for near term use in vehicles need hydrogen as a fuel. However no hydrogen fuel infrastructure exists today. This has given rise to the alternative of generating the hydrogen onboard the vehicle from other fuels such as methanol, or gasoline. Thus the fueling choices facing the fuel cell vehicle (FCV) developers today are to develop a hydrogen fuel supply infrastructure, or the on-board fuel processors that enable use of the existing liquid hydrocarbon fuel infrastructure.
The direct hydrogen fuel option entails building an entirely new fuel infrastructure at additional cost, but it vastly simplifies the design of the FCV, and leads to a truly zero emission vehicle (ZEV). Also it enables the implementation of long term strategies such as carbon dioxide capture, and the use of renewable energy in transportation with hydrogen as the carrier. However, hydrogen storage onboard the vehicle is more difficult than the simple liquid fuel systems we are currently accustomed to. To provide a vehicle with sufficient range, hydrogen needs to be stored as a liquid at -253 °C (-423°F
), or as compressed gas at 25 MPa (3,600 psi) or higher, or reversibly adsorbed on lightweight carbon materials. At the current state of development, compressed hydrogen is the most readily implemented option due to its similarity to the growing compressed natural gas fuel infrastructure. Liquid hydrogen fueling needs to be engineered to make it a fully automated process for use in the mass market. Another drawback with liquid hydrogen use for personal cars is the inevitable boil-off losses associated with long periods of non use of the vehicle. Some technical breakthroughs are required to make carbon adsorbents a viable alternative for hydrogen storage.
The on-board fuel processing option is attractive because a well developed gasoline, and diesel infrastructure exists in the developed countries, and can be used with little or no additional investment for fuel cell vehicles. However, the vehicle design becomes much more complex and extremely challenging. Highly compact fuel processors to generate a hydrogen-rich gas need to be developed. These devices need to be capable of quick start-up, have rapid response to load changes, and of course, have very high reliability. Also the fuel processors need to be significantly less expensive than conventional reformers since they will be idle much of the time and thus represent a very poor utilization of capital. In addition, significant capital investments will be required in refinery modifications to produce very low sulfur "fuel cell friendly" gasolines.
With the large infrastructure investments already in place to distribute large quantities of gasoline, it is not surprising that most of the auto manufacturers and oil companies are devoting a great deal of energy to developing onboard fuel processing technology. If successful this represents a near term option to the widespread introduction of fuel cell cars.
Technical and economic studies [1, 2] suggest that fuel processors will add more weight to the vehicle, and reduce fuel cell peak power output, which then requires larger fuel cells and larger motors to obtain the same performance in terms of drive train power to vehicle weight ratio. The resulting extra weight in turn requires larger drive train components, further compounding the weight problem. Thus for the same level of performance, hydrogen FCVs will be simpler in design, lighter weight, more energy efficient, and lower cost than those with onboard fuel processors.
Given the advantages of direct hydrogen fuel cell vehicles, the option of hydrogen fueling merits serious consideration. In particular, these advantages of direct hydrogen, and the relative ease of implementing appropriate supply systems for centrally fueled vehicle fleets, will strongly favor the adoption of hydrogen in this market segment. This paper will show how hydrogen fuel infrastructure can be implemented, and provide an example of how existing know-how in the industrial hydrogen markets was adapted to set up a fuel station for fuel cell buses.
CURRENT INDUSTRIAL HYDROGEN INFRASTRUCTURE
The production, and distribution of hydrogen are well established industrial technologies, with about 100,000 metric tons per day being commercially produced and consumed worldwide. Most of the hydrogen produced is consumed "captively" within the producing facility to produce ammonia and methanol, and to refine oil. In North America, and Europe, a very small portion of the total hydrogen production (less than 10% in the U.S.) is produced in central plants and distributed to customers. The current industrial hydrogen distribution infrastructure consists of several hundred miles of high pressure gas pipelines, and fleets of hundreds of trucks delivering compressed hydrogen gas in tube trailers, or liquid hydrogen in cryogenic tankers. This so called "merchant" hydrogen is used in numerous industrial applications as a chemical reactant to manufacture specialty chemicals, as a reducing agent in metals processing, semiconductor and glass manufacture, and as a coolant for large electric power generators. Although the energy content of the hydrogen produced per day worldwide is about 15 million GJ or about 1 percent of the world's energy demand, an insignificant amount is actually used as a fuel. The only readily identifiable fuel use of hydrogen is its use as a rocket propellant which represents about 0.1 percent of the hydrogen produced.
The current U.S. industrial gas hydrogen production and distribution base of about 2,000 metric tons per day is equivalent to that needed to support 40,000 fuel cell buses or 3 million medium sized cars. Thus if hydrogen is to become a major transportation fuel, then a much expanded production and distribution system would be needed. However, there are no major technical hurdles to extending the current technologies to provide hydrogen as a transportation fuel.
LIQUID HYDROGEN-BASED FUEL STATION FOR TRANSIT BUSES
The Chicago Transit Authority (CTA) began running a demonstration fleet of three PEM fuel cell buses in September 1997. The buses operate on hydrogen gas stored at 25 MPa (3,600 psi) in roof-mounted lightweight composite tanks. A hydrogen fuel station system was implemented by adapting commercial hydrogen supply technologies to the specific needs of this emerging application. The station has facilities for turn-key operations consisting of receiving, storing, processing and transferring hydrogen to the buses. The fuel transfer to the bus is via a fully automated dispenser. The fueling is performed by CTA personnel, with adequate training in the safe handling of hydrogen. The station has a fast-fill capability i.e. fueling of three buses is accomplished within a 2 hour period. This required a maximum delivery capacity of 2,100 Nm 3 per hour (80,000 SCFH) to achieve a final settled storage pressure of 25 MPa at ambient conditions ranging from -18 to 38 °C (0 to 100 °F) and 10 to 100% relative humidity. Each bus consumes about 400-525 Nm 3 (15,000-20,000 SCF) of hydrogen per day.
For this location, it proved to be most economical to deliver liquid hydrogen, and to use cryogenic liquid pumps to achieve the high storage pressure needed for the hydrogen on the bus. The cryogenic pump efficiently pumps liquid hydrogen from the storage tank pressure of about 1 MPa (150 psi), through a vaporizer to refuel the buses with gaseous hydrogen at 25 MPa. This compact liquid hydrogen pump requires less energy than required to compress gas to the same pressure. With the addition of a minimal amount of high pressure gas buffer storage it was possible to initiate bus fueling immediately while the cryogenic compressor was still cooling down and before it could begin to pump hydrogen to the bus. The hydrogen fuel station has been in service since September 1997, and is now routinely fueling the three fuel cell buses on a daily basis in Chicago. Figure 1 is a schematic drawing of the fuel station system. The fuel station is comprised of two major systems: a fuel preparation system to receive, store, compress, and vaporize the hydrogen; and a fuel transfer system, to accomplish the transfer of the high pressure hydrogen to the tanks onboard the buses. The station design is based on a patented Cryogenic Hydrogen Compressor (CHC) [3] which has gained wide applications for high pressure hydrogen supply in the chemical industry. A modified design was developed for the fuel station application and designated CHC-6000. FUEL PREPARATION SYSTEM -The purpose of this equipment is to receive and store liquid hydrogen at a pressure of about 1 MPa, and to supply gaseous hydrogen at pressures of up to approximately 31 MPa (4,500 psi) to the fuel transfer system. Liquid hydrogen is transported to Chicago from a plant located about 500 km (300 miles) away in specially designed 57,000 liter (15,000 gal.) cryogenic liquid semitrailers. The hydrogen is transferred to, and stored on-site in, a double walled vacuum insulated tank with a liquid capacity of 34,000 liters (9,000 gal.).
The filling station is equipped with a single CHC-6000 hydrogen compressor capable of compressing up to 2,100 Nm 3 per hour of hydrogen to a pressure of 41 MPa (6,000 psig). The CHC can draw liquid, or cold hydrogen vapor, or any combination of the two from the tank and simultaneously compress liquid and gas to the high discharge pressure. The compressor package consists of three major parts, the cold (compression) end, the warm (drive) end, and a 30 kW AC motor. The cold end is a single-stage positive displacement unit that actually compresses the liquid and gaseous hydrogen. The warm end is simply a crankcase that converts rotary motion of the motor to the reciprocating motion required by the compressor cold end. A microprocessor-based programmable logic controller (PLC) is used to continuously monitor system conditions, pressures, and temperatures, and automatically control the CHC-6000 operation. The system control panel is designed with a number of safety controls, alarms, and shutdowns. Required safety shutdown alarms were identified in extensive process hazards reviews. It is also equipped with several safety alarms to shut down the system and isolate the liquid hydrogen tank in emergency situations. The system control panel also has several external interface connections. It works closely with the control panel on the fuel transfer system to coordinate the filling of the buses. It is also equipped with a telemetry system, which automatically monitors critical process conditions in the CHC as well as the liquid hydrogen tank inventory. This system is used for automatic delivery of liquid hydrogen, remote data logging, remote troubleshooting, and dispatch of maintenance personnel.
The CHC-6000 pumps liquid hydrogen at -253 °C (-423°F ). This product needs to be vaporized and warmed to ambient temperature before it can be delivered to the bus or to the high pressure storage vessels. This is accomplished using two vaporizer banks which consist of stainless tubing with aluminum finned surfaces that extract heat from the ambient air. The gas outlet temperature is usually within about 5 °C (10 °F) of ambient temperature. To facilitate faster filling of the bus during hot weather, the vaporized gas is further cooled to -7 °C (20 °F) by injecting a small fraction of the liquid hydrogen flow, via an automatic bypass valve, directly from the pump into the exit of the vaporizers. This low temperature of the mixed product then compensates for the natural heat of compression caused by filling the bus quickly.
A bank of three high pressure gas storage vessels (each tube is 16 in. dia. x 23 ft. long) with a storage capacity of about 420 Nm 3 (16,000 SCF) at 31 MPa (4,500 psig) is used to begin the fill process of the bus while the CHC-6000 is still in the cooldown phase. The tube bank is refilled at the end of each bus refueling cycle so that it is ready for the next fill cycle.
FUEL TRANSFER SYSTEM -The hydrogen fuel transfer system is the interface between the fuel preparation system and the buses. It activates the CHC, when an operator demands hydrogen fuel, and directs the flow of hydrogen to the bus tanks or to the buffer storage tanks.
A PLC-based control panel limits access, to only those individuals who are authorized to use and maintain the equipment, through the use of personal identification numbers (PINs). A data and grounding cable, that is attached to the bus before a fueling sequence is initiated, carries data from the bus to the control system. The PLC checks to be sure that the data and grounding cable is attached throughout the refueling process, and immediately stops the refueling process if the cable is disconnected. The PLC processes data from the vehicle, and 
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Tank the fuel preparation system, issues control signals to access the hydrogen source, and directs the flow of hydrogen to the vehicle tanks. An air operated fuel valve starts and stops the flow of fuel automatically in response to air pressure signals issued from the PLC control system. The PLC monitors the amount of fuel transferred into the vehicle tanks and stops the flow of hydrogen when the tanks are filled to their rated capacity. A second "excess pressure" valve in series with the fuel valve, operates independently of the PLC, and closes automatically if the tank pressure exceeds the maximum permissible fuel pressure.
The control panel also displays messages to guide the operator, step-by-step, through the refueling process. If there is a problem (wrong PIN, broken ground wire, etc.), the display indicates the nature of the problem, and the corrective action required. An emergency stop button, located on the front panel of the control cabinet, disconnects power from the hydrogen fuel transfer system and the CHC, when activated.
A flexible fuel hose carries hydrogen from the fueling system to the vehicle. It is attached by a breakaway fitting that releases if the vehicle moves while the hose is connected. A vent hose, bonded to the fuel hose, carries a small flow of hydrogen from the refueling nozzle to a vent stack before the fuel hose is disconnected from the vehicle, to insure that no air enters the flexible fuel hose. The vent hose is connected to the vent stack through a plastic coupling that breaks off if the vehicle moves before it is disconnected. A 1/4 turn emergency manual shutoff valve is located at the fueling interface on the bus, and another is located next to the control panel on the hydrogen supply pipe.
SAFETY CONSIDERATIONS -Safety considerations were given the highest priority in both the design and operation of the fuel station. The three primary hazards which were addressed in the design were: fire; over pressurization of the storage tanks on the bus; and movement of the bus while refueling.
Refueling operators were chosen from the group of CTA's diesel refueling operators. The selected individuals were given both classroom and hands-on training about the properties and hazards associated with hydrogen by technical specialists. The training included a review of a hydrogen fuel station operating manual. Foremen were also trained as backup. Foremen possess the key to reset the PLC if the fuel station trips. Periodic retraining is critical to the total hydrogen fueling safety process. Having the trained refueler enter his/her authorized PIN in order to activate the fuel transfer system reduces the possibility of hydrogen refueling by an untrained person.
Special procedures exist to defuel a bus if a bus is overfilled (over pressure). Other procedures exist at the station when a bus is to be taken indoors. Fire training procedures are critical to the safety of the refueling operation.
SYSTEM OPERATION -The CHC-6000 refueling system is normally in a "standby" mode where it is ready to begin filling buses immediately. While in this mode, the storage tube and tank pressures are monitored continuously by the PLC within the CHC system control panel. Once a bus fueling sequence is initiated, a signal is received from the fuel transfer system control panel. This signal initiates a timed process to cool the CHC-6000 compressor to operating temperatures. While this is happening, the bus is being filled from the bank of high pressure gaseous storage tubes. Once pressures have equalized between the storage tubes and the bus tanks, an automatic valve is shut to isolate the storage tubes. After the cooldown period, the CHC-6000 starts and begins to fill the bus directly. Typically the bus can be completely filled within 15-20 minutes depending upon the starting pressure of the bus. Once the bus is filled, the isolation valve is reopened and the storage tubes refilled in 5-10 minutes so that it is available for the next bus.
The in-use operating experience of the hydrogen fuel station has been excellent to date. The station is routinely used to fill 3 buses per day during the week. The single CHC pump system is capable of filling 2-3 buses per hour on a continuous basis if needed. Typically, all three buses can be filled in about 55 minutes.
ON-SITE PRODUCTION OPTION FOR HYDROGEN INFRASTRUCTURE
While the foregoing example illustrates the adaptation of existing liquid hydrogen delivery technology to serve the needs of hydrogen fueling, its application will be largely limited to North America, and some parts of Europe, where liquid hydrogen is readily available. In most of the rest of the world, liquid hydrogen is not commercially available. In these areas it is anticipated that the hydrogen infrastructure will develop via small scale hydrogen generation units installed at the fuel station to produce hydrogen from other commonly available fuels such as natural gas, methanol, propane etc.
Currently, commercial steam-methane reformers (SMRs) for on-site hydrogen production are economic at a scale above about 25,000 Nm 3 per day (1 MMSCFD or 2.5 TPD). However, recent developments in hydrogen generators, driven by the needs of stationary fuel cell power plants, are offering the real possibility that distributed hydrogen generation could be competitive with centrally produced hydrogen in sizes as small as 100 Nm 3 per hour (~3,500 SCFH). Although these generators are based on the same technologies as the large central plants, e.g. SMR or partial oxidation of hydrocarbons, they may drive costs lower due to inherent design innovations that permit the use of less expensive materials of construction, and mass production of hundreds of units. This could lead to economic hydrogen production at individual fuel stations, from natural gas and liquid hydrocarbons, to refuel as few as 4-5 buses, or 30-40 cars per day. These products are currently under intense development, and are expected to be commercially introduced in the very near future. By installing a larger hydrogen generator at the fuel station instead of thousands of fuel processors on individual vehicles, a greater utilization factor is achieved on the capital, and many of the demands such as rapid startup and rapid response to transients etc. are eliminated. Also, natural gas-based fuel generators provide a ready-made way to implement hydrogen infrastructure by taking advantage of the widespread network of natural gas pipelines that exist in many countries,. Where natural gas is not available, operationally simple methanol reformers can be implemented since methanol is readily available around the world. Studies by others have shown that the investment costs per vehicle for these small stationary hydrogen fueling appliances would most likely be less than the current annual cost per vehicle required to maintain or add new gasoline infrastructure, or onboard liquid fuel processors (4).
To implement a hydrogen fuel station based on these onsite fuel processors, additional gas purification, compression, storage and dispensing equipment will be required, as shown in Figure 2 . These small generators afford a pathway to a gradual build-up of the hydrogen supply infrastructure in lock-step with the growth of fuel cell vehicle sales. Thus the industry can closely match the supply and demand for hydrogen in the early years of the commercialization of fuel cell vehicles without having to risk the large amounts of capital needed for large scale hydrogen production facilities. As hydrogen-fueled vehicle technology becomes well established and accepted by the public, and hydrogen demand grows sufficiently, additional investments in large scale production plants can be economically justified in the future.
CONCLUSIONS
Considering the advantages of direct hydrogen fueled fuel cells for vehicles, it is well worth pursuing the hydrogen fuel option.
The current technologies for the industrial supply of hydrogen, with modifications, are suitable for serving the fuel cell vehicle application. The Chicago Transit Authority project has demonstrated that sufficient experience exists within industrial gas industry to design and construct central hydrogen fueling stations for fleet applications. This system is based on liquid hydrogen and industrially proven high pressure cryogenic pump technology suitably modified for fueling requirements. This robust system design maybe replicated to provide the fueling capabilities needed to implement other such projects in regions where a liquid hydrogen supply infrastructure exists.
Where commercial liquid hydrogen distribution is nonexistent, small scale on-site hydrogen production technologies, that are coming into the market, are a way to start building a hydrogen infrastructure, and to make hydrogen available widely. Furthermore these technologies provide the flexibility to match supply and demand for hydrogen in the early years of fuel cell vehicle commercialization when large investments in large scale hydrogen plants can not be financially supported. 
